ABSTRACT: Multiple linear regression (MLR) analyses and Mann-Kendall trend analyses were conducted in order to identify the importance of geographical factors (elevation, freshwater area, urbanization, and proximity to coast) and climatic factors (temperature, wind speed, relative humidity, and solar radiation) on the long-term averages and trends of precipitation and pan evaporation. Annual climate data and monthly climate data for January, April, July, and October, from 1973 to 2006, were collected from 54 weather observatories nationwide in South Korea in consideration of seasonal effects. GIS analyses were used to determine geographical characteristics in the 54 study areas, and land cover data were analyzed to determine the degree of urbanization. According to standard MLR analyses, proximity to coast had the most significant effect on annual and monthly precipitation. Accordingly, land areas that were farther inland experienced less precipitation, except in July, when the reverse was true. Except in April and July, proximity to coast had a greater effect on annual and monthly pan evaporation, and land areas that were farther inland experienced less pan evaporation. Average elevation had a greater effect than other geographical factors on annual and monthly precipitation trends. With regard to the annual pan evaporation trend, proximity to coast was the most important factor; however, the monthly pan evaporation trend was affected differently by geographical factors, depending on the season.
INTRODUCTION
Climatic change caused by global warming can affect hydrological circulation processes such as precipitation and evaporation; however, recent studies have found that geographical characteristics can affect precipitation and evaporation as well (IPCC 2007) . Geographical characteristics have close relationships with convective precipitation in the summer, and the occurrence of convective precipitation in the summer is closely related to land moisture on the surface of the earth, conditions of vegetation, and topography.
Different types of landscape variability, such as urbanization, topography, land/sea contrasts, land surface moisture, and vegetation, can significantly affect the boundary layer and the cloud structure by altering the partitioning of the turbulent sensible and latent heat fluxes, and moisture may be added to the boundary layer through evaporation (Collins & Avissar 1994) . Therefore, variability in climatic variables such as relative humidity, temperature, wind speed, and solar radiation due to the variation in surface characteristics can significantly affect precipitation formation. I analyzed the impact of geographical characteristics (elevation, freshwater areas, urbanization, and proximity to coast) on hydroclimatic variables (precipitation, pan evaporation, temperature, wind speed, relative humidity, and solar radiation) while conducting analyses on the effects of geographical and climatic factors on the long-term averages and trends of precipitation and pan evaporation.
Urbanization has a close relationship with precipitation. With respect to the effect of the modified sensible and latent heat on convective precipitation clouds in urbanized regions, most researchers have found that urban circulation is primarily enhanced by the increased sensible heat fluxes and surface roughness of urban regions, and that sensible heat has a larger effect than moisture in determining the location of initial cumulus activities and on the formation of convective clouds (Orville et al. 1981) . Jauregui & Romales (1996) found that wet season rainfall for an urban site exhibited a significant trend, suggesting an urban effect that increased with the size of the city. On the other hand, rainfall at a suburban (upwind) station that was apparently unaffected by urbanization remained unchanged. Urbanization is also known to have an effect on pan evaporation (Adebayo 1991 , Jauregui & Luyando 1998 .
In addition, sensible heat flux, latent heat flux, and aerodynamic turbulence change according to geographical characteristics; the aerosols generated in urban areas also play an important role in precipitation and pan evaporation (Cohen et al. 2002 , Roderick & Farquhar 2002 , Liu et al. 2004 , Shepherd 2005 , van den Heever & Cotton 2007 . Studies have been conducted on the effects of urbanization as well as geographical conditions including the sea, elevation, and freshwater areas (rivers, wetlands, lakes, and reservoirs) on precipitation and pan evaporation (Weisse & Bois 2001 , Sotillo et al. 2003 , Oettli & Camberlin 2005 , Perry & Konrad 2006 , Kim & Yim 2006 , Mosaedi et al. 2007 , Rim et al. 2009 ).
Changes in climatic factors have a direct impact on changes in precipitation or evaporation. Increasing precipitation leads to an increase in actual evaporation; therefore, reduced solar radiation and increased humidity in the air lead to decreased pan evaporation (potential evaporation; Brutsaert & Parlange 1998) . This implies that a complementary relationship can be applied to pan evaporation (potential evaporation) and actual evaporation (Golubev et al. 2001 , Hobbins et al. 2004 . Results obtained by Milly & Dunne (2001) suggested that increases in cloudiness and precipitation over the Mississippi River Basin (USA) have led to increased evaporation but decreased potential evapotranspiration. Comparative analyses on correlations between pan evaporation and both precipitation and actual evaporation in 655 areas belonging to nonurban areas in the US have found that pan evaporation decreased at a time of increased precipitation, actual evaporation increased, solar radiation decreased, and relative humidity increased (Hobbins et al. 2004) . In addition, a study conducted in 25 areas in the US found a complementary relationship between actual evaporation and pan evaporation depending on the changes in precipitation (Ramirez & Hobbins 2005) . On the other hand, many researchers (Cohen et al. 2002 , Roderick & Farquhar 2002 , Liu et al. 2004 ) have reported results that differ from those of Brutsaert & Parlange (1998) . They argue that the reduced pan evaporation observed worldwide is due to reduced solar radiation caused by increasing aerosols in the wake of air contamination caused by increased cloudiness and urbanization.
Most of the studies carried out in the past have analyzed the changes in precipitation and pan evaporation using data obtained in limited areas. Other studies were conducted on changes in precipitation or evaporation according to climatic factors in various areas without the consideration of detailed data on geographical characteristics. However, changes in precipitation and evaporation have a close relationship not only with climatic factors but also with geographical characteristics. Accordingly, it is necessary to analyze the effect of geographical characteristics on precipitation or evaporation using detailed geographical information. Here I acquired geographical information using GIS analyses; the effect that the geographical characteristics have on climatic factors was analyzed using the acquired information. I also evaluated the effects of geographical and climatic factors on the long-term averages and trends of precipitation and pan evaporation.
DATA AND METHODOLOGY

Study areas and geographical data
In this study, 54 study areas located in South Korea were selected. Study areas were selected based on the usability of climatic data. A climatological station was centrally located in each study area having a 10 km radius, and the 54 study areas were located between Stn 1 in the north (38°15' N), Stn 26 in the south (33°15' N), Stns 10 and 47 in the east (129°25' E), Stn 22 in the west (126°23' E, Fig. 1 ). South Korea is surrounded by the sea. Most cities and farms are situated on 2 fertile plains: the southwestern plain that covers the western half of South Korea, and the southern plain along the south coast. South Korea has a temperate climate with 4 distinct seasons; winters are cold and dry, whereas summers are hot and humid. Spring and autumn are mild. The specific geographical and topographical characteristics of the 54 study areas are listed in Table 1 .
The following considerations were made in selecting study areas. (1) To examine the effect of urbanization at the observation station on hydroclimatological variables, the urbanization was calculated as the ratio of residential area to total area. (2) To examine the effect of the distance to coast on hydroclimatological variables, the proximity of the observation station to the sea was used. Only stations located on the coast were designated 'coastal'; all others were designated 'in-land'. (3) I examined the effect of geographical conditions, such as the presence of lakes and marshes, plains, and mountains near the observation station, on hydroclimatological variables. To examine the effect of freshwater area at the observation station on hydroclimatological variables, the freshwater area (percentage) was calculated as the ratio freshwater area:total area. To classify the study areas, digital elevation model (DEM) data and a land cover map operated by the Ministry of Land, Transport, and Maritime Affairs (MLTM) were analyzed. DEM data for 2004 and land cover maps for 6 years (1975, 1980, 1985, 1990, 1995 and 2000) were analyzed. For 1975 and 1980 , the data from Landsat Multi-spectral Scanner were used. For 1985 For , 1990 For , and 1995 , data from Landsat Thematic Mapper and for 2000, data from Landsat Enhanced Thematic Mapper were used for analysis (Table 1) .
For the 54 study areas selected, I conducted a GIS analysis of an area of 314 km 2 around the observation station, i.e. the area within a 10 km radius centered at the observation station. I also analyzed land cover status and average elevation of the study area for 6 years (1975, 1980, 1985, 1990, 1995, and 2000) ; land cover maps for 1970 and 2004 were unavailable. The 54 study areas were evenly distributed along the coast and inland throughout the Korean Peninsula (Fig. 1) . In addition, the geographical characteristics of the study areas had an even distribution of plains, mountains, lakes, and marshes. Therefore, the selection of study areas was appropriate for the analysis of the hydroclimatic changes caused by geographical conditions.
Climatic data
For this study, climate data measured by the Korean Meteorological Administration (KMA) were obtained from 54 stations in Korea. The collected and analyzed climate data included the monthly average daily precipitation, temperature, wind speed, relative humidity, and sunshine duration. The data period used for this study was a 34 yr period from 1973 to 2006 (Fig. 2) . Sunshine duration at the 54 weather stations was measured using a Jordan sunshine recorder until 1999; after this time, different sunshine recorders (i.e. ECO sunshine duration meter MS-093, bimetal sunshine recorder) were used. Therefore, to analyze the trend of solar radiation estimated from Eq. (1) below, sunshine duration data measured until 1999 were used for the 54 study areas. In the case of small-scale pan evaporation, data for only an 18 yr period from 1973 to 1990 were available in the 54 study areas; therefore, pan evaporation data during this period were used for analyses. Average values of hydroclimatic data (precipitation, temperature, relative humidity, wind speed, and solar radiation) during the same period in the same study areas were also calculated for the analyses (Fig. 3) . South Korea has 4 seasons with a wet summer from June to August, and a cold winter from December to February. Therefore, for the analyses of monthly climatic data, climatic data for the months of January, April, July, and October were collected and analyzed with respect to the seasonal effects. The following formula was used for calculating solar radiation, as suggested by Allen et al. (1998) .
); n is the actual duration of sunshine (h); N is the maximum possible duration of sunshine or daylight hours; n /N is the relative sunshine duration; d r is the inverse relative distance from Earth to the sun; δ is solar decimation (rad); ω s is sunset hour angle (rad); φ is latitude (rad); and J is the year-day.
Analysis methods
Mann-Kendall trend analyses were conducted to determine the trends of hydroclimatic variables (precipitation, pan evaporation, temperature, wind speed, relative humidity, and solar radiation); in order to analyze the relative importance that geographical factors have on the trends of hydroclimatic variables, multiple linear regression (MLR) analyses were performed. Furthermore, the effects of geographical factors on hydroclimatic variables were analyzed through MLR analyses. MLR analyses were conducted to identify the relative importance of geographical and climatic factors on the long-term averages of precipitation and pan evaporation. In this case, 2 different factors are considered to be the explanatory (independent) variables for the MLR analyses: geographical factors (average elevation, average freshwater area, average urbanization, and proximity to coast) and climatic factors (temperature, relative humidity, wind speed, and solar radiation). Multicollinearity between independent variables in the MLR equations was tested and was found to be low and therefore judged to be insignificant. Results were considered significant at α = 0.05. Relative to other geographical factors, the average urbanization had a greater effect on the annual temperature trend. As the urbanization increased, the temperature tended to increase (Table 2 ). In January, the proximity to the coast had a greater effect on the temperature trend than the other geographical factors: land areas that were farther inland had lower temperatures. In April, average urbanization, freshwater area, and proximity to coast had a significant effect on the temperature trend (2-tailed test). In July, no geographical factors had a significant effect on the temperature trend, and proximity to coast was the most important geographical factor. In October, the freshwater area and the urbanization had a significant effect on the temperature trend.
Urbanization had a greater effect relative to other geographical factors on the wind speed trend regardless of the season. As the urbanization of the study area increased, the wind speed decreased (Table 2) . However, no geographical factors significantly affected the annual and monthly wind speed trends. Relative to other geographical factors, the urbanization had a greater effect on the annual relative humidity trend. As the urbanization of the study area increased, the relative humidity decreased (Table 2) . In January and October, elevation had a greater effect on the relative humidity trend than other geographical factors: areas of higher elevation had higher relative humidity, reflecting an orographic effect. In April and July, proximity to coast had a greater effect on the relative humidity trend compared to other geographical factors. Land areas that were farther inland had lower relative humidity. However, no geographical factor had a significant effect on the relative humidity trend except for the urbanization in the case of the annual relative humidity trend.
The urbanization had a greater effect on the solar radiation trend relative to other geographical factors regardless of the season ( Table 2) . As the urbanization of a study area increased, the solar radiation increased. Furthermore, the urbanization had a significant effect on the annual and monthly solar radiation trends except in January. 
Long-term averages
Relationships between geographical features and long-term temperature, wind speed, relative humidity, solar radiation, precipitation and pan evaporation are shown in Table 3 . As an example, with regard to temperature, elevation (standardized coefficient β = -0.513) and proximity to coast (β = -0.419) significantly affected annual temperature (2-tailed test). In January, proximity to the coast (β = -0.620) and elevation (β = -0.360) had a significant effect, and in April, the elevation (β = -0.518) was the most significant factor. In July, elevation (β = -0.700) and proximity to coast (β = 0.323) were the most significant factors, and in October, proximity to coast (β = -0.541) and elevation (β = -0.448) were significant factors.
Geographical effects on trends in precipitation and pan evaporation
The elevation and urbanization had a significant effect on the annual precipitation trend (2-tailed test), and they had a greater effect on the annual precipitation trend than freshwater area and proximity to coast (Table 4) . Elevation had a greater effect on the annual precipitation trend. Complex topographical features, including the lifting effect of mountains, play important roles in precipitation formation. The interaction between topography and prevailing winds is crucial for precipitation formation over mountain areas. Urbanization increases roughness and can enhance surface convergence, and in addition to the dynamical and thermal effects of urbanization, aerosols also play important roles in precipitation formation.
The freshwater area and elevation had a significant effect on the precipitation trend in January. In April, elevation was the most significant geographical factor. In July, elevation and freshwater area had a significant effect on the precipitation trend, and elevation was the most significant factor. In October, elevation was a significant factor. Overall, among all geographical factors, elevation had the greatest effect on monthly and annual precipitation trends. The MLR equations for trends in daily precipitation per month and year were significant (2-tailed test), except for April.
For the annual pan evaporation trend, proximity to coast was the most important geographical factor (Table 4 ). In January, the urbanization was the most significant factor. In April, freshwater area was the most significant factor, and in July and October, proximity to coast was the most significant factor. Table 4 . Relative importance of geographical features with respect to trends in precipitation and pan evaporation. y 1 : January; y 2 : April; y 3 : July; y 4 : October; y 5 : annual. Other details as in Table 2 3.3. Geographical and climatic effects on precipitation and pan evaporation
Relationships between geographical features and long-term average precipitation are shown in Table 3 . Proximity to coast (β = -0.426) had the most significant effect on annual precipitation (2-tailed test), and land areas that were farther inland had less precipitation. A study area located farther from the sea was affected less by winds with high humidity. At higher elevations (β = 0.326), the observed precipitation was greater, reflecting the orographic effect. Study sites with larger freshwater area (β = -0.236) had less precipitation, reflecting a low occurrence of convective precipitation upon a decrease in the sensible heat flux with an increase in the freshwater area. At the same time, study areas with a higher urbanization had greater realized precipitation, especially in July, reflecting a more frequent occurrence of convective precipitation with the increase in sensible heat flux and surface roughness of the study area. Proximity to coast had the greatest effect on monthly and annual precipitation relative to other geographical factors. In addition, areas that were farther inland had less precipitation, except in July. Areas with less urbanization showed higher precipitation in July, compared to other months.
Relationships between climatic variables and longterm precipitation are shown in Table 5 . In annual analysis, relative humidity (β = 0.377) had a greater effect on precipitation than temperature (β = 0.199), wind speed (β = 0.193), and solar radiation (β = -0.066).
Results indicate that the effects of climatic factors on monthly and annual precipitation varied.
Relationships between geographical features and long-term pan evaporation are shown in Table 3 . Relative to other geographical factors, proximity to coast (β = -0.568) had a significant effect on annual pan evaporation. Land areas that were farther inland showed less pan evaporation, whereas areas of higher elevation showed greater levels of pan evaporation. This reflects the different climatic conditions between inland and coastal areas. In particular, inland areas had a lower temperature than coastal areas except in July, and inland areas had a lower wind speed than coastal areas. In addition, study sites with larger freshwater area experienced less pan evaporation, reflecting the increase in relative humidity with an increase in freshwater area, whereas sites with higher urbanization showed greater pan evaporation. Results indicate that among all geographical factors, proximity to coast had the most important effect, except in April and July.
Relationships between climatic variables and longterm pan evaporation are shown in Table 5 . In the annual analysis, wind speed (β = 0.474) had a greater effect on pan evaporation than temperature (β = 0.339), relative humidity (β = -0.354), solar radiation (β = 0.276), and precipitation (β = -0.086). The most important climatic factor affecting pan evaporation was wind speed in July and October and relative humidity in January and April. Compared to other climatic variables, precipitation was not a significant factor regardless of the season. Table 2 3.4. Relative importance of geographical and climatic factors on precipitation and pan evaporation On the basis of a stepwise MLR analysis of geographical factors, elevation and proximity to coast were included in an MLR equation for annual precipitation (Table 6 ). From among all climatic factors, temperature and relative humidity were included. Accordingly, I found that areas with higher elevation, a geographical factor, had higher annual precipitation, whereas land areas that were farther inland had less annual precipitation. In addition, sites with higher temperature and relative humidity, which are climatic factors, had higher annual precipitation.
With regard to monthly precipitation, not only geographical factors but also climatic factors seemed to have a great effect. In January, freshwater area, proximity to coast, temperature, wind speed, and relative humidity were included in the MLR equation. In April, elevation, temperature, and relative humidity were included. In July, elevation, urbanization, and proximity to coast were included as the geographical factors, and wind speed and relative humidity were included as the climatic factors. In October, freshwater area, wind speed, and relative humidity were included.
With regard to annual pan evaporation, the urbanization was included in the MLR equation as a geographical factor, and temperature, wind speed, relative humidity, and solar radiation were included as the climatic factors (Table 6 ). Accordingly, areas with a higher urbanization, a geographical factor, had greater annual pan evaporation. In terms of climatic factors, wind speed was the most important factor, followed by relative humidity, temperature, and solar radiation.
For January, pan evaporation, elevation, temperature, wind speed, relative humidity, and solar radiation were included in the MLR equation. For April, only relative humidity was included. For July, temperature and precipitation were included. For October, elevation, temperature, wind speed, and solar radiation were included. Overall, climatic factors appeared to have a greater effect on annual and monthly pan evaporation than geographical factors. Table 6 . Relative importance of geographical and climatic factors with respect to precipitation and pan evaporation. y 1 : January; y 2 : April; y 3 : July; y 4 : October; y 5 : annual. The data were analyzed using stepwise regression. Other details as in Table 2 4. CONCLUSIONS An MLR analysis and a Mann-Kendall trend analysis were conducted to analyze the impact of geographical factors (elevation, freshwater area, urbanization, and proximity to coast) and climatic factors (temperature, wind speed, relative humidity, and solar radiation) on the long-term averages and trends of precipitation and pan evaporation. According to the study results, in terms of annual and monthly precipitation, proximity to coast had the most significant effect on precipitation, and sites that were farther inland had greater precipitation, except in July. Compared to other months, areas with greater urbanization had significantly higher precipitation in July.
Compared to other geographical factors, proximity to coast had a greater effect on annual pan evaporation. Land areas that were farther inland had less pan evaporation, whereas sites at higher elevation had greater pan evaporation. In addition, sites with a larger freshwater area had less pan evaporation, whereas sites with higher urbanization had greater pan evaporation. Proximity to coast had the most significant effect on monthly pan evaporation, except in April and July.
Stepwise MLR analyses were used to identify the relative importance of geographical and climatic factors on precipitation and pan evaporation. As elevation, a geographical factor, increased, annual precipitation increased. However, areas farther inland experienced less precipitation. Areas with higher temperature and relative humidity had greater annual precipitation. Geographical as well as climatic factors appeared to have a great effect on monthly precipitation. Climatic factors appeared to have a more significant effect than geographical factors on annual and monthly pan evaporation. Elevation had a greater effect than other geographical factors on annual and monthly precipitation trends. With regard to the annual pan evaporation trend, proximity to coast was the most significant factor. In addition, the monthly pan evaporation trend was affected differently by geographical factors depending on the season. 
